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Abstract

High-pressure die casting of zinc alloys is inciegly used in the manufacturing of parts with hagsthetic
value. These parts must comply with strict requeeats on surface quality, which are generally ol

in traditional mechanical applications. Cold flowfécts, which are a primary concern for surfacelityya
originate from several different causes that hasteyet been fully understood. This report invesdgathe
factors that influence cold flow defects and theicés that can lead to an improvement in surfa@ditgu
The research method is based on a case studymedat a die casting company. First, an existinggss
has been analyzed using simulation to explain theses of cold flow defects observed in production
samples. The temperature at the end of the caillithals emerged as a key index for the occurrerice o
defects, which can be controlled by three primancess parameters: injection velocity, temperatdiréne
cooling medium, and lubricant spraying time. Theame factors are then assessed using experimesis| t
on an existing die, where the number of defecthenselected regions of the casting has been dedllxy
image processing. The results suggest that thacuduality can be particularly improved by inciegshe
flow rate of the molten metal through the gates awdiding excessive flow turbulence in the wideigav
sections. Consequently, the increase in the gat® bas been identified as a specific criteriontfer die
design. These findings have been validated in &uesign of the die and the selection of the process
parameters, which have resulted in a significashicgon in the surface defects.

Keywords: die casting, zinc alloy, surface quality, colditsh) simulation, design for manufacture.



1 Introduction

Traditionally used to manufacture functional pdadisframes and mechanisms, high-pressure die gpistin
increasingly being used to fabricate aestheticspartvarious products, including cars, lighting ides,
pieces of furniture, household appliances, andidas&ccessories. Zinc alloys [1] are widely usedtifiese
applications due to their high fluidity in the mett state, high solidification rate and low thernmemical
aggressiveness on the die. Such properties allem tto reproduce thin walls and fine details withvlo
shrinkage porosity and good surface finish whilegkag process and tooling costs to a minimum.

Additional requirements for ornamental parts inelddw roughness (surface finish) and lack of vesibl
defects (surface integrity). Although both propestare needed for product acceptance, surfacetslefiec
critical because they are enhanced by certain rpatiocesses (e.g., electroplating) and are diffittu
remove by polishing or tumble finishing [2]. Theoed, a high surface integrity must be directly avbd as
a result of the die casting process at a reasomaipromise of the operating costs. Thus, it igmssl to
understand the root causes of the defects occuttirigg cavity filling and early solidification phas (cold
flow defects). These defects depend on severalepsogariables, whose effects and interactions alse o
partially explained [3, 4].

The current study analyzes potential strategieedoice cold flow defects in zinc die castings, cisldéhe

most effective ones and verifies their practicgllation. This report focuses on certain aspduws have

not yet been widely discussed, such as the prdalityaof defects through simulation, the experir@n
evaluation of the number of defects, and the exilan of the interactions among the process pammsiet
The study is based on an industrial case, whecaritbe demonstrated that the cold flow defectshean
reduced through general criteria derived from ihauktion and experimental tests.

In the next subsections, the specific objectivethefstudy are discussed after reviewing a fewdumental
issues related to surface integrity from the awdalditerature.

1.1 Background and literature

The general guidelines for the diagnosis of defaéttdie castings are provided in several textboakd
technical papers, e.g. [3-6], and with explicitereince in certain cases to the hot-chamber prdoegsc
alloys [7, 8]. The objective of developing correetiactions for a wide range of situations has kel
researchers to thoroughly investigate the formadioeh the control of defects. Most of the focus lasn on
the structural defects and the surface defects fliemvear, which are beyond the scope of this itepdimng
only a few references from a broad range of literegt, they include gas and shrinkage porosity [9],
degradation of mechanical properties [10, 11], saldering, heat checking and erosion [12, 13].

Cold flow defects at various degrees of severigy significantly more relevant for aesthetic partszinc
alloys, e.g., color alterations (flow marks) miaavities (shotting), narrow grooves (cold shuts§l an
catastrophic fill failures (laminations, misrund)hese defects are commonly caused by the premature
solidification of metal during the cavity fill, wbh prevents different metal streams from weldingpletely

[7]. The cold flow defects are exacerbated by aration, metal oxidation and entrapment of die Icdomt
residues, and they are not easily removed duritighpog or leveled by protective coatings, whiclstead
tends to enhance them into sharper, more visibiesfl

Similar to any type of casting defect, cold flowfelgs have metallurgical causes that emphasizeotbeof
molten metal fluidity [14]. This topic has beenditd with a particular focus on melt handling prheoes
[15] and the control of the alloy compositions [18he fluidity of the zinc alloys has been shownlépend
on the contents of certain alloy elements (alumiranth magnesium) and contaminants (iron, leadatid,
cadmium), with the proposal of optimized composisi¢17].



Understanding the phenomena that occur during &vitycfill is a prerequisite to any hypothesis dwe t
formation of cold flow defects. If the cavity weoempletely filled before the start of solidificatiothe
thermal gradient across the wall thickness woudghter a uniform solidification front with perfect g of
the opposing metal streams (Fig. 1a). Howeverirasilid layer is likely to develop immediatelyftine last
places to fill, where the alloy has a lower tempgex when the molten metal fills the voids amolmg $olid
layers, its fluidity may be insufficient for it tbe completely welded to previously solidified rawgo(Fig.
1b). This results in small surface depressionsclwhdegenerate into cracks (cold shuts) due toiBodéitdon
shrinkage and melt pressure from inside. Atomizatian have an additional influence because tinpldts
are more prone to premature solidification, resgltin point-like defects (shotting). Turbulence and
obstacles to the flow as well as contaminants i¢almt, oxide) could influence the size of the defeand
extend them to wider areas (flow marks).

Based on the above evidence, one fundamental olgdstto identify the conditions that lead to \adly

unacceptable defects. The available results areedefrom experimental investigations on aluminuioye.

In [18], it is stated that surface defects arealated to the heat transfer coefficient betweeratley and the
die, which depends on oxidation and turbulencg¢l®j, the defects are shown to occur below a thriesof

the die surface temperature. In [20], tests wiffedgnt injection temperatures indicate that theriation of
a slurry of dendrites (mushy solidification) causeg-freezing alloys to be less prone to cold fldefects;
for short-freezing alloys, the criticality seemsdigpend on the thickness of the early solidifigata (with a
possible threshold of approximately 0.2 mm).

One additional conjecture, which will be discusgethe current study, is that cold flow defects ucwhen
the metal temperature at the end of the cavityuiilich can be estimated by simulation, decreast&sia
given threshold. In literature, simulation has bpesposed as a tool to predict the occurrence tiondiof
different types of die-casting defects. Fill simigdas are demonstrated on zinc alloys in [21] withexplicit
reference to the cold flow defects. Elsewhere ,aed®rs have focused on aluminum and magnesiugsallo
which are more commonly used for automotive stmattyparts. The simulation results are primarily
concerned with the fill pattern [22], air entrapmenthe shot sleeve [23, 24], shrinkage defectthé hot
spots [25, 26], and microstructural defects affegtihe tensile properties [27, 28]. With the exiapdf a
single attempt to optimize the process parametaitsagoid long fill times [29], few simulation stwdi have

a direct relation to the cold flow defects. ThigKaof research is due to the difficulty of the Eide
approaches in simulating free flows with high tudmece and atomization, which are likely to be caitifor
the cold flow defects. A few Lagrangian approachase thus been tested and developed into prototype
software tools, including smoothed particle hydnaayics [30] as well as a droplet formation modedduh
on the balance of surface tension, pressure anpfairees [31].

Another question that arises is how to measurentheber of surface defects. As noted in [32], s&fac
roughness does not consider the numerous typesfettd that affect the visual appearance of didngss
Image processing techniques, which are also us#usirstudy, have already been proposed for thatiore
of defect catalogues [33] and the detection of suface defects after machining [34]. The scanmifg
casting surfaces by laser triangulation has beed s [35] for a three-dimensional reconstructidrtle
defects. Die surface temperature, which is knowlbet@orrelated to several types of quality issiresyding
cold flow defects, has been measured using therames [36] and infrared thermography [37].

The influence of the process parameters on celigies of defects has been investigated through
experimental plans guided by statistical methodswadels based on neural networks. Although mosliesu
are focused on porosity, e.g. [38], the quality steas considered in certain cases are somehoweddlat
the cold flow defects, such as the complete cafilittand surface roughness. In [39], the need toicv
misruns in zinc castings leads to optimal combaratiof metal and die temperatures as well as ioject
pressure. In [40], similar results were achieved dwuminum alloys. In [41], the roughness of distca
specimens in a magnesium alloy is shown to dependactors related to filling (slow and fast shot



velocities, and die temperature). The quality respaested in [42] is an index related to the divatamber
of the different types of surface defects (misruadd shuts, hot cracks, and soldering).

As discussed in the following sections, nearly gvaspect of the die casting process plays a rolddn
prospective strategies used to reduce the cold flefects. The injection parameters (operating piress
plunger velocity, plunger diameter, and gate aleae been set through methods based on the simglify
assumptions of the melt flow, such as the’ Bi@gram and its modifications [43]. The optimatesiand
location of the runners and gates has been inatstighrough rules [44], predictive models [45) &AD-
based procedures [46, 47]. Internal cooling systeave been optimized using simulations and expeahe
tests for different design issues, including thatheansfer coefficient between the die steel &edcboling
medium [48], size of the channel sections [49], osaon-circular and variable-size channels [5Ge of
high-conductivity die materials [51], and designawinformal channels in the tool inserts [52]. Emgdr
cooling has been studied using the temperaturefaidhal flow measurements of the heated specimens i
hot-worked steel [53] or a heat flux sensor [54identify operating windows of the die surface tengture
and the die spray parameters. The amount of baspre due to inadequate venting has been calcidatad
function of the vent area [55], vent thickness [&6H fill time [57]; the use of vacuum systems bagn
occasionally considered for backpressure calculatj68] along with broader discussions of its atvges
and limitations [59].

1.2 Objectives

It is apparent from the above review that the cidddv defects in die castings have been studied less
compared to other types of defects, which are edlahore to the structural requirements of trad#ion
destination sectors. The few available studies rtepgperimental results on aluminum and magnesium
castings, which have considerably different physigaperties than those of zinc alloys. Due to the
complexity of the phenomena that are thought toseaeold flow defects (turbulent and atomized flow,
cooling, solidification and possible remelting, dedion, and mixing with lubricant), defect reductio
strategies cannot be immediately extended amorigrelift materials, which justifies the interest todga
collecting data and criteria for alloys that areensuitable to applications with high aestheticursgments.

In addition to exploring possible material-deperidssues, the current study is focused on desigicef

that can help reduce the cold flow defects. A fpecific objectives can be formulated in this diiext

« understand how the occurrence of cold flow defeats be predicted through the simulation of the die
casting process in addition to other types of defdiscussed in literature;

« identify the process parameters with the most arflte on cold flow defects and explain their effects
with consideration of possible interactions (tyflicareglected even if potentially relevant due ke t
coupling of thermal and fluid flow phenomena); and

« formulate a set of criteria that could help avoidtdcflow defects in the product and die design pescso
that the surface quality of castings do not relyirely on the search for the optimal settings af th
process parameters.

2 Materials and methods

The die-casting process for a product with stiécfuirements of surface quality was used as a raferdn

the first phase, starting from an existing confajiom of the die and process, a simulation was used
identify the causes of defects in selected regadbe casting. After contemplating the processap®ters
that could be involved, the attention was focusea dimited set of influential factors to be exmpegintally
tested on sample process batches. The effectsffefedit combinations of factors were evaluated by
measuring the amount of surface defects througlyénmocessing. Although the selections in eachghas



were guided by the results of the preceding ofesdévelopment of the work as a whole is reporeddviy
and the description of the results for individubapes are provided in the next section.

2.1 Reference case

The part in consideration (Fig. 2) is the outerimgf the boiler assembly for a commercial espress
machine, and it is manufactured for nearly 500@gseper year by Bruschi SpA (Abbiategrasso, Italye
material used is Zamak 5 (ASTM AC41A, UNS Z3553i)d the average wall thickness is 3 mm. The part
is produced on a 2200 kN hot-chamber die-castinghima with a plunger diameter of 80 mm. The digy(Fi
3a) has a single cavity machined in two insertsitf hot-work steel (DIN 1.2343), which has a freize of
260x 290 mm and a height of 165.5 mm (ejector die Waff, 3b) and 120 mm (cover die half, Fig. 3c). The
gating system consists of a sprue and four targeminners in the central aperture of the part. Gdaty

has six overflows, four of which are connectedwo vacuum valves activated immediately before tagt s

of the fast shot stage.

The initial set of process parameters includes &inemperature of 420°C (compared to a meltingeaof
380-386°C), operating pressure of 26 MPa, anddhst-plunger velocity of 0.76 m/s. The die is intdly
cooled by oil at 130°C in the cover die half andevaat 20°C in the ejector die half; the coolingteyn
includes five circuits and a tube-style fountaimg(F3d). A die lubricant is sprayed through die-mimad
nozzles for 0.4 s. The dwell time is 5.5 s withitotal cycle time of 24 s. The secondary phases dfe
casting include manual trimming, tapping of scre@leh, polishing and electroplating.

During early production runs, a visual inspectienaaled the frequent occurrence of cold shuts iitv we
defined zones on the top side of the casting, whiehdenoted as 1, 2, 3 and 4 in Fig. 4a. The téfec
shown over a wide area of zone 4 in Fig. 4b, antd #x magnification in Fig. 4c. The cold shutsmarbe
leveled in the polishing phase and remain partigigible after electroplating. Additional surfacefects
eliminated in earlier production tests included akdfs from the lubricant buildup in zone 5 and Wisiflow
lines due to turbulence in zone 6. An increasehandie temperature was not suitable to avoid tlwab
defects due to the risk of warping, which is catitor the position accuracy of screw holes 7 and 8

These types of defects are typically attributeddaweral causes. Excluding the defects related terraband
geometry (e.g., alloy composition, melt cleanlinemsd flow distance), there are primarily threecpss-
related causes. First, a small fraction of the hsailidifies before the end of the fill and does completely
weld with regions that solidify later; this probleran arise under several conditions, which inclliole
metal temperature, overcooling of the die, and Ildilhgime due to insufficient metal flow rate dug
injection. Secondly, flow detachments and impa&s occur in a turbulent flow of coarse dropletss th
condition is related to insufficient atomizationhieh is favoured by low gate velocity and air baegsure
due to poor venting. Lastly, the flow can be contmted by oxide as well as vapor and combustion
residues; the latter two are related to die lubidoaissues, which include excessive amounts, bpilth
cavity recesses, incomplete evaporation of the megetion (due to low die surface temperature) eoking

of the oil fraction (due to high die temperaturslikely for Zamak alloys). The above issues invodviarge
number of variables, each of which is subject tonpmmises with other needs of the process (e.g.,
protection against die erosion, soldering, and grag

2.2 Process simulation

The premise for achieving a good surface integoitythe die castings is that cold flow defects can b
predicted using simulations of cavity fill undeffdient process parameters and die configuratiditkough
flow simulation is primarily used to predict missuand porosity, it also provides estimates of oerta
parameters that are thought to be related to dold flefects, which include metal and die tempeestur



magnitude and direction of the metal velocity, fldistance, and location of regions that fill IaBiis output
could be used for predicting defects provided thatthreshold values or the critical combinatiohshe
simulated parameters are identified. In the caskemoonsideration, these can be determined by camgpa
the simulation results with the number and positibthe actual defects in the product samples.

Thus, a computer model of the process was buitiguie MAGMA” 5 simulation software. It included a
finite-volume mesh of the cavity and the coolingteyn as well as the specifications of the die ogsti
machine and the initial setting of the process mpatars. The high detail and resolution of the moudzs
intended to achieve the best reasonable accuraestitnate the flow and cooling patterns duringaheity

fill. However, the following simplifying assumptisnwere inevitably accepted due to computational
constraints: a) the die spray is only modeled thhoan a priori estimate of its cooling effect (153€r 0.1 s

of spraying time) without considering the additibmdfects due to buildup, film boiling and chemical
reactions with the molten metal; b) the cooling medis assumed to have a constant temperatureein th
channels as well as a constant heat transfer ciaaffiregardless of possible scale deposits; c3¢endary
heat transfer mechanisms, such as conduction ameection to the surrounding air, are neglectedymy
one process cycle is simulated, even though a #iesteady state is expected to be achieved in ay am
10-15 cycles; and e) the metal viscosity is assumelkpend only on temperature, thus neglectingiadell
effects such as turbulence and multiphase flowigligsolid, vapor, and entrapped gas).

2.3 Experimental tests

As discussed in the next section, the simulaticnHeped establish tentative priorities among that®ns
that are typically suggested to reduce the cold fitefects. To confirm these insights, process tesi®
performed under different settings of the die-capstinachine. Cast parts were inspected to estinhate t
effects of the process parameters on the numbeefetcts. Although limited to a specific part geomget
these effects were interpreted based on concegitsdhld also apply to a broader class of zinacdigtings.

The tests were conducted using the same die asggs®ettings as those in the early production imee
process parameters were analyzed as possible nolutactors: a) fast shot plunger velocity which
determines gate velocity and fill time for a givgate area; b) average temperature of the die syrfelich

is indirectly determined by the type of cooling med used for the cover die half and the associated
temperaturel’; and c¢) quantity of die lubricant sprayed on tke slirface after ejection, which is indirectly
determined by the spraying timefor a given number and arrangement of spray nez#er each factor,
two levels were approximately selected as the endeeof its acceptable interval. For each combinatib
levels, the machine was operated for 15 transigsies to reach thermal stability and for additiohalycles

to produce sample castings. In each casting, timbeu of cold flow defects was evaluated at the four
positions P already noted as critical in Fig. 4be Entire experiment resulted in a full factorimwith 4
factors, as described in Tab. 1, for a total ofr@atments and 160 observations. A complete rarziiion

of the test sequence could not be achieved bedawseld have required an unreasonable numberaotsst
and transient cycles on the machine.

For a quantitative evaluation of the cold flow dae digital images of the samples were collectedeu
repeatable lighting conditions at the four possioBxcept for positioning errors, each image repced the
same area of the selected zone on the part sdagezone 3 in Fig. 5a). The images were analysig a
software procedure, which counted the pixels witlghtness value (arithmetic mean of the maximum an
minimum RGB values) at a given difference to anefee value for the same zone (Fig. 5b). The p&gen
D of those pixels over the part surface in the imageelected as an index of the number of defects.



3 Results

The results of the simulation and the experimeteistls on the reference case are reported below alibim a
discussion of how they can lead to possible stieéetg reduce the cold flow defects.

3.1 Smulation results

The simulation model has been used to evaluataingrhrameters over the entire cavity and comgamt
to the actual distribution of the defects. A figbservation was related to the metal velocitieghat
beginning of the fill. Fig. 6a indicates that treteyvelocity is relatively low (5-10 m/s), whichnsost likely

due to a delayed fast shot; this can result inng il time and a high turbulence once the fasitstage
begins. Then, as indicated in Fig. 6b, the gateoisi increases to extremely high values (over 88) m
which could cause splashing and die erosion; shimadst likely due to undersized gate cross-sectibasn

also be noted that a few of the vacuum channelslagged too early by the metal from the nearbggathe

poor air venting could influence the flow due tackressure and oxidation. All of the above issuesg

fill, turbulence, splashing, and oxidation) are sibly related to the cold flow defects, such asttgmgp and

cold shuts, which can thus be predicted from tis §iteps of the simulation.

At the end of the fill, it was expected that a fparameters would have abnormal values in the deéect
areas of the casting. This result was verifiedtierfollowing outputs: a) air pressure and air vadufraction
in the molten metal, possibly related to the baekpure and turbulence; b) flow length from the spru
possibly related to the temperature drop and prematolidification; and c¢) average time of contactthe
melt with air, possibly related to excessive oxilat However, none of outputs demonstrated ditiviog
correlating to the actual location of the defeetbich indicates that the involved issues have a@rsggry
influence on the occurrence of the cold shuts.

Fig. 7 presents a simulated distribution of the ainée¢mperature at the end of the cavity fill, whish
estimated to occur after 25 ms. This parameterapp®e be clearly correlated with the defects olesin

the samples. The temperature is still close taritial 420°C everywhere, except in zones 1, 2n8 4 of
Fig. 4a, where it decreased to approximately 405i@Gere streams from different gates meet, and
approximately 395°C, where heat removal is enhahged higher surface-area-to-volume ratio. Thisiltes
suggests that premature solidification is a bettdication for cold flow defects compared to oti&sues
(oxidation, entrapment of lubricant residues, baekpure, and turbulence). A less easy task istablesh a
threshold for the metal temperature with respedhéooccurrence of defects, which may possibly igbetn
than the liquidus temperature (386°C) due to sitrrieuncertainties. A few cold shuts are locate@ngtthe
molten metal has used only a small fraction o§itperheat (15°C out of nearly 35°C).

The inconsistency between the temperature valuggrendefects from the premature solidification ban
explained by the above discussed secondary efiectspecifically the turbulence induced in the floythe
impacts and bends. As revealed by the evolutiam®fmetal temperature during the fill in zone 4g(R),
collisions between the streams from different gategses backsfills, which delay the draining of mnlt
metal into the overflow. In addition to turbulendhis effect can promote the formation of droplethjch
tend to freeze rapidly and may thaw again whe nhecby the primary flow.

Thus, die cooling is likely to be a key driver foe cold flow defects. Injection pressure and pdungelocity
may be additional influencing factors because thetermine the operating point of the machine-dgteay
and keep it away from critical conditions. Wheninigyto verify the relevance of these parameteragusi
simulation, different levels of operating press(#2 and 26 MPa) were found to produce extre melylaim
flow patterns and temperature distributions. Howgettee relevance of the plunger velocity was condid
through simulations with fast shot velocities 06 Gn/s (Fig. 9a) and 2 m/s (Fig. 9b), which resulted
different gate velocities. The distributions of theetal temperature at the end of the fill are ewely



different, and potential critical conditions aretetged at the low velocity. At equal cooling pardeng, the
temperatures in the flow junctions (circled in flgures) decrease on average by nearly 5°C fobantls
decrease in the plunger velocity.

3.2 Experimental results

The number of surface defects measured on alleoBfmples in the experimental plan is presentédgn
10 and Fig. 11 for two levels of lubricant sprayitnge. Each plot includes the individual values &ne
95% confidence intervals &F at the four positions.

Comparing the left and right plots for each temperalevel, it is clear that velocity has the laigeffect
among the analyzed factors. An increase in thecitglyields a reduction in the cold shuts because t
molten metal has less time to cool and solidifptiyh the gates and within the cavity; a secondeagaon
may be the additional heat supply in the metal tduthe higher energy losses. Although it is ledsotifze,
cold flow defects can also be controlled by redudéel cooling. Although the chance of premature
solidification depends on both the internal andeieml cooling, a lower amount of die spray is paiée
because it has the additional effect of reducingahentamination.

Comparing the top and bottom plots for each vejoleivel, an interesting interaction effect can lo¢ed. If
the fill time is kept short using a fast injecti@ight plots), a higher die temperature from theaker internal
cooling yields a considerable reduction in the disfeConversely, with a longer fill time due to lavs
injection (left plots), an increase in the die temgiure can be detrimental to the surface integhihough a
possible explanation of such behaviour using gevoattconsiderations will be provided later, it che
noted that in the latter condition, a reduced arhaidrthe die spray (otherwise nearly irrelevantpisly

improves the surface integrity, most likely dudawer contamination issues.

An inspection of the individual plots allows a camigon of the defects in different positions, tietping
include the part geometry in the interpretatiortaf results. On average, the edge close to the gatthe
central aperture (zone 1) is the most affectedhbyflow defects while the narrow web on the reanéz3)
has a comparatively better surface quality in smifeits unfavourable surface-area-to-volume ratio.
Considering the order in which the molten metathea the four zones based on the simulation @,, 8), it

is doubtful that the above evidence is relatedh® position of the individual zones. Thus, it cam b
conjectured that the surface quality is affectedhgyturbulence, which is most likely lower in thveb than

in the main cosmetic surfaces (zones 2 and 4)atieetsmaller cross section and higher at the edigeso
the abrupt change in thickness from the gatesetgdént walls.

Although the random variation of the values witkiach treatment is notably small, statistical tegise

performed to confirm the significance of the fastand their interactions. An analysis of the var&a(Tab.

2) has indicated that the two facterandT have significant individual effects and pairwiséeraction while
t. has only a significant interaction wilh Despite the failure of the normality test on téeiduals, which is
most likely due to the non-random effect Bf the test satisfies all remaining statistical ¢oods for

validity (homogeneity of variance by Levene’s tdatk of dependence on fits and individual factansd

lack of autocorrelation).

For a deeper analysis of the geometrical effecis, §ubplans were extracted from the entire expamtal
plan that only considered tests conducted with @mim die sprayt{ = 0.1 s), which are more consistent
than the typical settings. Each subplan includds dfathe tests performed on each zone and i€ &ulP
factorial plan for the two factorsandT. The analyses of the variance for the individudd@ans satisfy all
needed conditions of the residuals (normality bydémon-Darling’s test, homogeneity of variance by
Bartlett’s test, lack of dependence on fits anddiagalues, and lack of autocorrelation). In neallyof the
cases, the primary effects and the interactiormeftivo factors were found to be significant. Th&imum



number of cold flow defects is invariably assodlate the same setting, corresponding to a weakniate
cooling and a short fill time. However, the intdran plots in Fig. 12, which compare the meansaahe
combination of temperature and velocity, show sligtifferent patterns in the four regions of thesting.
The wide walls in zones 2 and 4 indicate a bettelase quality at a higher die temperature irreipeof
the fill time: this behaviour is what is expectedgen though the interaction betweeandT may or may not
be significant without any easy explanation. Cosebr, zones 1 and 3 indicate the negative effetts o
weaker cooling with a longer fill time, hence notadhe entire plan; their common geometric propésta
higher surface-area-to-volume ratio, which is edato the cooling rate and may help explain thevabo
singularity.

4 Validation and additional insights

Although the need to reduce the solid fractionte €nd of the fill is widely recognized in literaduy
simulation and experimental results help selectitiiet approach to reach this goal. Specificallyee clues
have been gathered: a) reducing fill time appearsave a higher priority than increasing the didase
temperature; b) spray cooling should be kept toiaimum, thus the die surface temperature is to be
primarily controlled by the design of the coolinganinels and the related parameters; and ¢) metainss
with narrow front sections are most likely lesseaféd by the premature solidification from the flow
turbulence.

In an attempt to validate these criteria, the casdy has been further developed for a secondorersithe
boiler casing with similar sizes and form detalég( 13). Based on the issues raised by the festion, the
cold flow defects were expected to be somewhergheénprimary wall (zone ') and in two critical form
details (zones'2and 3). The opportunity to set up the process for a pesduct is allowed to repeat the
entire design cycle, verify that the flow defecende reduced through the process choices, anectoll
further guidelines to be applied to the part arddisign.

4.1 Process improvement

The increase in the flow rate through the gateshlmamoted as a priority based on the simulatiorts an
experimental tests. For a new die, this objectienot be achieved through an increase in the gdteity
because additional defects from the die erosiondvoffset the reduction in the cold flow defects.nre
proper action is to increase the total gate arehsamh the pressure and plunger velocity so thatgtte
velocity is well within its acceptable interval Wer bound for flow atomization, and upper boundlifmited

die erosion). For the part studied, the additicg@ddie length available for gating on the centralrtape
allowed the gate area to increase by approxim&@¥ without increasing the gate thickness, thusdavg
additional trimming difficulties.

The gating system for the new die retained thecbeasmfiguration of the previous version to avoidiigidnal
concerns for part quality (e.g., increased flowtalises, visible gate vestiges, poor air venting] an
obstructions to the metal flow). The detailed gdgsign required three primary iterations using $aton to
predict the possible flow and cooling problems dgrthe cavity fill. In the first iteration, the niner of
gates was increased to five to allow a directdillzone 4, which is critical for surface appearan@s an
alternative, as few as three gates would have vbin stagnation problems and trimming difficlgtidue

to the larger gate widths. Therefore, the metalpnature was found to be more uniform over therenti
cavity but the flow was still poorly balanced amdicated excessive velocities from the gates neae 8
(Fig. 14a and Fig. 14b at different times during til) as well as early clogging of the nearby vam valve.

In the second iteration, the profile of each gases wedesigned in an asymmetric shape, thus impydwis
flow balancing; however, zone 1 was still affectadthe air entrapment and turbulence problems. &hes



were solved in the third iteration by introducinglight asymmetry in the angular locations for @flithe
gates, which also allowed the overflows to fill learand reduce the additional turbulence due éftbw
impacts.

The cooling channels were designed with the prinodjgctive of avoiding hot spots, which were presily
located at the bosses and ribs on the bottom gitteeaasting. The reason behind this selectido &void
an intense spray cooling in those regions, whichaossistent with the above discussed criterione f
simulation iterations suggested the need for aitiaddl fountain on the ejector die half.

As a result of the design selections in the gatmgl cooling systems, the simulation confirmed a
considerably uniform distribution of the metal teargture at the end of the fill (Fig. 15). The cesldots
were only predicted in zone 3, where a lower numiecold flow defects had been observed in the
experimental tests and explained as a benefiaal sffect of the narrow flow sections. The gatewities
were estimated at approximately 45 m/s, which idrfam the acceptability limits and yet allows ttevity

to completely fill in 14 ms and solidification tocaur in approximately 2 s. Consistently, the castin
produced by the new die demonstrated a significaptovement in the surface integrity. As indicated
Figs. 16 a), b) and c), the flow defects were peabsent in all zones highlighted in Fig. 13. Asain be
noted in Fig. 15, the simulated temperatures attitkof the fill in the same regions of the castng well
above 415°C, a safety level compared to the defectieas in the first version of the casting (Fig.The
new process resulted in a negligible rate of reject

4.2 Design for surface integrity

The design of die castings must follow well-knowates to avoid structural defects and cost overriihg.
issues faced during the design of the gating systihamved the identification of additional rules ftre
reduction of cold flow defects on parts with spécasthetic requirements. As a first consideratiie,
balancing of metal flows from different gates slibbke given careful consideration. This need hasadly
been noted in Fig. 14b, where defects from excesfisw atomization were predicted from the high
velocities at certain gates. Similar effects akelli to arise when the gates are placed on multidees,
which are common in the presence of stepped pditieg; in addition to trimming difficulties, oftegited in
literature, this may involve different flow distax from different gates, with the possibility ofcegsive
energy losses occurring from certain gates. Gal@nbiang can help achieve smooth junctions among the
flows, at least in those regions of casting surfabere appearance is critical (Fig. 17a); if theegareas are
incorrectly selected, turbulence due to splashes tackfills can be expected (Fig. 17b). For the esam
reason, as already discussed in Fig. 8, flows ghaeNer meet perpendicularly to the overflow gates.

Assuming that the junctions between the opposirgpats need careful attention, their source is aflyic
identified in the branching of the flow at coressimilar obstructions. The case study has indicabad
preferential flow paths are additional sourcesnewehin an individual stream from a gate. These cecur
due to the velocity gradients from a tangentialnernwhich is close to the part edges (Fig. 18ayeltas
the presence of particular form details in the ingstthese include stepped edges where the mol&tal m
runs faster due to restricted flow sections (F&p)land corners where metal fluidity tends to iaseedue to
the locally higher die temperatures (Fig. 18c). tBaffects are noted in the simulation, as indicatethe
rightmost part of Fig. 14b, where the flow appedarsove forward at the corners and the edges.

Other critical features to be considered are tiiaks directly connected to the gates, as in zooéHig. 4a,
where the flow turbulence has been noted on bothioms of the casting. The simulation of the metal
temperature and the velocity vectors indicates tiatsharp increase in the thickness from the watee
wall (0.45 to 3 mm) causes a separation of the dagnlayer (Fig. 19a) followed by a turbulent baitkf
(Fig. 19b). Furthermore, it has been noted thait@ael turbulence can occur due to multiple sepana of
the boundary layer at sharp bends close to a BageX9c). To avoid them, the flow should be slowiedvn



through a proper choice of the bend angles (Fid),J®reduction in the gate velocity (Fig. 19e)design of
non-functional features, such as ribs to interdbpt flow (Fig. 19f). If these solutions are not Jixde,
separations can still be avoided by changing tbation of the gates (Fig. 19 g).

Based on a well known design rule, the gates shoelltbcated on straight edges to allow an easyvamo
from the casting. This is also advisable for a oidm of the cold flow defects because it allows th
tangential runners to be widened to properly ditbetmelt streams and reduce the occurrence of linglg.
When straight edges are not available, positiotieggates on high-curvature edges should be avolded
such cases, the tapered sections required to teh&dlow direction would impose an awkward prefil
where the boundary layer separation and backfilild/de inevitable (Fig. 20a, see also simulatiaults in
Fig. 6a); this would result in air entrapment adllvees turbulence and pressure drop with the risk of
cavitation for the zinc alloys. A redesigned pmfivould avoid this problem (Fig. 20b) at the prigfe
increased material loss and additional trimmingalifties.

5 Conclusions

The study of an industrial case using process sitioul and experimental tests has led to the folgwi
guidelines for the reduction of cold flow defeatszinc die castings:

1) Simulation can help predict the occurrence of tid ow defects. The basic condition that must be
verified for this purpose is a uniform distributiohthe metal temperature at the end of the cavity
fill. However, temperature values seem to be lesaningful due to several sources of uncertainty
(e.g., difficulty in including spray cooling in theimulation model). A secondary effect to be
considered is the additional turbulence arisingnfttie preferential flow paths, impacts between the
opposing streams, delayed filling of the overflowlia; and boundary layer separation next to the
gates and bends.

2) Among the possible criteria related to the proggsameters, the reduction in the fill time appeaars
have higher priority over the reduction of both theernal and external die cooling. When the fill
time is not short enough, a weaker internal cootiogld further worsen the surface integrity in #hos
regions of the casting where a higher temperatop & expected due to geometrical reasons. Such
regions would otherwise involve less turbulence uemaller flow sections, and thus show reduced
numbers of the cold flow defects compared to thdewivall surfaces.

3) In the design of the die, the increase in the tg#k area is an effective choice to reduce fitleti
without increasing gate velocity, avoid unfavoueabide effects (gas porosity related to turbulence,
shrinkage porosity at gates), and the potentiagmarfor increasing the gate width should be sought
to keep the gate thickness below critical valudse Tocation and profile of the tangential runners
can also avoid splashes and vent obstructions dyyeply directing the melt streams. The cooling
channels must be designed to avoid the formatiombspots and thus reduce the amount of spray
cooling. The successful application of the abovieeta can be easily verified through process
simulation.

4) Available design-for-manufacture rules for die ce@mponents should be extended by considering
potentially critical situations for the cold flowefécts. These include long flow distances, stepped
parting lines, high-curvature leading edges, thieMls next to gates, multiple bends, and those
feature that tend to create preferential flow pathg., corners, edges next to gates, and stepped
edges).

Although they are derived from a single case sttlay above criteria can be applied to a wider rarigeénc
castings with high aesthetic requirements. To battalerstand their advantages and limitations, ethes
criteria are currently being verified on differgrart geometries and die configurations, which ccétp



identify further issues that occur with more comptastings or particular form details. Future ekpental
investigations will include additional variablesathwere kept constant in this study (e.g., the amsitipn
and the initial temperature of the alloy) as wsllaahigher number of levels at least for the véembelated

to fill time. An additional objective is the redimt of the uncertainty on the simulation resultiok will

be pursued through more accurate models for diayspnd heat transfer in cooling channels. The
temperature measurements on the die surfaces eljildvaluate and compensate the remaining systemati
errors so that the actual values of the simulaparameters could be used in the prediction of kb f
defects.
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Fig. 3: Die-casting die for the boiler casing: &@ dssembly; b) ejector die half; c) cover die ;hatid d)
cooling channels



Fig. 4: Cold flow defects on the casting surfagedefective zones; b) cold shuts in zone 4; aneintgrged
view of the cold shuts

Fig. 6: Flow velocity at the beginning of the canill: a) delayed fast shot; and b) excessive gatecity
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Tables

Tab. 1: Experimental plan

Facror Symbol Unit No. levels Values
fast shot plunger velocity v m/s 2 0.30, 0.70
temperature of cooling medium T °C 2 20°C (water), 120°C (oil)
lubricant spraying time i ] 2 0.1,1.5
position P 4 1, 2, 3, 4 (Fig. 4a)

Tab. 2: Analysis of variance in the number of def&r[%)]

Source DF Seq SS Adi SS  Adj MS F r

v [m/s] 1 1620.24  1620.24  1620.24 35191 0.000
7[°C] 1 37.94 37.94 37.94 8.24 0.005
1 [s] 1 15.90 15.90 15.90 345 0.065
v [m/s] - T[°C] 1 388.87 388.87 388.87 84.46 0.000
v [mvs] - 1 [s] 1 17.07 17.07 17.07 371 0.056
T[°C] - . [s] 1 7099 7099 7099 1542  0.000
v [m/s] - T'[°C] - n [s] 1 599 5.99 5.09 1.30 0.256
Error 152 699.82 699 .82 4.60

Total 159  2856.83
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